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 Chapter 5  
 

Confocal Imaging of Latex Films 

  

 

 

Abstract 

 

A methodology was developed to investigate latex film formation using confocal 

microscopy. Film formation of high Tg (69 °C) styrene-co-2-ethylhexylacrylate (S/EHA) 

copolymer was studied. Confocal imaging was employed to obtain two-dimensional (2D) 

and three-dimensional (3D) images of the latex. Contrast in the images was gained by 

labeling the co-polymer with the fluorescent dye Perylene Red, which was dissolved in the 

latex, without covalent linkage to the polymer. 

Imaging in 1D and 2D mode provided information on the thickness of the film, size and 

shape of latex particles, etcetera. Depth resolved images were obtained by taking x-y 

images at different z-steps. Integrity of dye labeled latex particles was investigated by 

imaging the films of containing different concentrations of co-solvent. The diameters of 

particles were measured to get quantitative information on the apparent particle size. An 

increase in the particle sizes as a function of co-solvent concentration was observed. By 

using confocal imaging technique we were able to see individual latex particles in fresh 

and several days old latex film. 
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5.1 Introduction 

The mechanism of film formation of water based organic coatings has been a topic of 

research since several decades. It refers to a dynamic process that transforms a 

heterogeneous mixture of colloidal polymer particles into a continuous and coherent film 

with superior mechanical properties. The evolution of microstructure in such a film is 

strongly dependent on the mechanism of film formation. It undergoes several stages 

including evaporation of water, particle deformation, void closure, coalescence and 

diffusion of polymer chains, etcetera.  Among these, coalescence and diffusion have been 

studied using fluorescence methods.1-4 

Many analytical techniques have been used to investigate the various stages of film 

formation and the morphology of the final film. Microscopy techniques have been used to 

characterize the morphology on sub-micron scales of many specimens in the life and 

materials sciences. These techniques include, but are not limited to, scanning5 and 

transmission6 electron microscopy (SEM and TEM) and atomic force microscopy (AFM).7 

Other techniques such as small angle neutron scattering (SANS),8 Fourier-transform Infra 

red (FT-IR) spectroscopy9 and direct non-radiative energy transfer10 (DET) also known as 

F!"ster Resonance Energy Transfer (FRET) have also been widely used to investigate the 

morphology. The non-invasive techniques such as FRET have increased the 

understanding of various phenomena like coalescence and diffusion in real time. AFM and 

SEM provide surface analysis but do not give information in the bulk of the film. Contact 

mode AFM provides topographic images of the sample by moving the tip on the surface of 

the sample. A serious drawback is that force applied by the tip can destroy the surface 

layer of the sample.11 Rapid developments in the field of AFM have overcome this 

disadvantage. Non-contact (NC) mode AFM allows scanning without damaging the shape 

of the sample. Dynamic force mode, also known as intermittent contact mode or tapping 

mode, provides improved lateral resolution on soft samples. Phase imaging in AFM 

provides information beyond topography such as variation in compositions, adhesion, 

friction, viscoelasticity and many other physical properties.12 

TEM provides an opportunity to study the morphology of thin sections or freeze fractures 

in the bulk of the film down to submicrometer resolution, but the laborious procedure of 

the sample preparation and cost related issues have made it less popular. Ma et al. 

employed high-resolution cryo-scanning electron microscopy (cryo-SEM) to study the 

microstructure in latex film formation.5 Cryo-SEM consists of rapid cryogenic 

immobilization of hydrated samples at successive times of drying to arrest the structure 

without change in the arrangement and orientation. Unfortunately many artifacts related 
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to the cryo-SEM imaging can lead to the wrong interpretation of the images. The 

prominent artifacts described by Ma et al. are those which come from freezing, freeze 

fracture over sublimation and damage caused by the electron beam. 

Confocal microscopy is a powerful technique that provides information on the morphology 

on the surface as well as in the bulk of the film in a simple and quick way without extra 

tedious work of sample preparation. Confocal Raman microscopy has been used for depth 

profiling of polymer films. Marton et al.13 studied the consumption of unsaturated carbon-

carbon double bonds (C=C) during oxidative drying of alkyd coatings films containing 

unsaturated fatty acids. They measured the concentration of C=C bonds as a function of 

drying time and distance from the exposed film surface and related it to the onset of 

crosslinking. Marton et al. observed that chemical crosslinking was not homogeneous in 

the depth of the coating. The consumption of C=C bonds was slower in the deeper layers 

and the drying profile was influenced by oxygen penetration. 

In confocal fluorescence imaging contrast is obtained by introducing a fluorescent label 

into the sample. Optical sections at different depths can be obtained simply by moving the 

confocal plane in z-direction. Depending upon the thickness of the specimen 2D images 

are recorded up to few nanometer resolution and construction of these images provides a 

3D view of the sample.  Excitation light is from a laser source, which is guided through 

dichroic mirrors, filters and the microscope objective to the fluorescently labeled 

specimen. Light emitted by the sample then passes through the same objective, and 

through a pinhole towards the detector, which is generally an avalanche photodiode.  The 

pinhole is the unique feature on which the entire working of the confocal microscopy is 

based and distinguishes it from the traditional fluorescent and non-fluorescent 

microscopy techniques. A pinhole in the light path of the confocal microscope prevents the 

out-of-focus background fluorescence from reaching the detector, which gives the 

capability of optical sectioning.14 Thus, fluorescence emission that occurs above and below 

the confocal plane is not allowed to pass through the pinhole. This makes it possible to 

achieve high axial (z) resolution of the image. In the lateral plane (x-y) the resolution is 

limited by the diffraction law to ! !/2 where ! is the wavelength.15 

Due to the resolution limit of confocal microscopy it is not possible to resolve the image 

below ca. 300 nm. In practice, a point source of light will appear as a 3D Gaussian with a 

width of 1.5 µm in the z direction. Therefore, a cluster of two, three or more particles 

inside the detection volume will not be resolved as individual particles. Rather they would 

be visible as a single object (Figure 1).  
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Figure 1. Confocal volume showing the detection limit in xy and z directions. Objects smaller than the 

detection limit in the confocal volume could not be resolved. 

The high sensitivity of modern confocal set-ups in combination with appropriate 

fluorescent probes allows to provide significant information on structural features and 

dynamic processes.16 Most fluorescent dyes are aromatic organic compounds, which can 

be designed to be covalently attached to the specimen in specific locations. Due to the high 

degree of sensitivity of these molecules many structural features and dynamic processes 

are targeted in the biological and material sciences.16 The requirement on fluorescent dyes 

for confocal applications is that these molecules must exhibit an excellent brightness and 

signal strong enough to obtain the image without having problems of photobleaching or 

low signal-to-noise ratio. On the other hand, the irradiation of a fluorescent dye with a 

focused laser beam at high power densities increases emission up to the point of dye 

saturation. Furthermore the pinhole of the confocal set-up is responsible for 25 to 50 

percent loss of emission.17 A wide variety of fluorescent probes are available on the market 

or can be synthesized and modified according to the requirement. Environment-sensitive 

dyes have been developed to monitor changes in the microenvironment, for instance pH, 

solvent polarity, mobility, heavy metals, inorganic ion concentrations, etcetera. Quantum 

dots have been used as fluorescent tracers to characterize the polymer blend films on 

surface as well as in the bulk.18 

Beside steady-state and time-resolved ensemble techniques, confocal fluorescence 

microscopy can be very helpful in understanding the morphology at various depths during 

film formation.  There are some examples in the literature of the investigation of latex film 

formation by confocal microscopy, which show the use of confocal imaging to probe the 

surface and bulk morphology of solvent borne polymer films,19, 20 polymer blends and latex 

films. 

One of the early applications of confocal imaging to study the morphology of polymer 

films was reported by Lin Li et al. in the mid 1990s.20 Surface and depth resolved images 

of the film provided information about the distribution of particles and morphology of 

these blends. Furthermore they followed coalescence of polymer particles in the film by 

using confocal imaging21 (see chapter 1). Confocal microscopy is sometimes used in 

Z = 1.5 µm 

XY = 300 nm  
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combination with other microscopy techniques to investigate the morphology of polymers. 

In one such study confocal imaging was carried out to observe internal structure and AFM 

for the surface morphology of the dry latex films.22 Anthracene was used as fluorescent 

label in the experiments.23 

The morphology and the dynamics of semi interpenetrating networks (semi-IPNs) was 

investigated by imaging using confocal microscopy and two-photon laser scanning 

microscopy.24 Fluorescein dimethylacrylate and a Rhodamine dye linked with the polymer 

chains were used as fluorescent labels to perform confocal imaging. On the basis of 

information obtained on morphology the authors were able to study the fast kinetics of 

semi-IPN phase transition. Furthermore they ruled out the previous assumptions reported 

in the literature25, 26 about uniform distribution of the linear polymers in cross-linked 

hydrogel networks based on their depth resolved confocal images.  

Deng et al. employed confocal microscopy to investigate the annealing effect on 

morphologies and the miscibility of ternary blends of isotactic polypropylene (iPP), impact 

modifiers and adhesion promoters.27 Confocal imaging of the blends clearly displayed the 

evidences of extent of miscibility and phase separation of the polymer blends. They found 

LSCFM to be a powerful tool to characterize morphology with excellent image contrast.  In 

a recent paper Aloisi et al.28 reported the use of confocal imaging to directly visualize the 

3D dispersion of clay labeled with Rhodamine B in the polymer matrix. 

In this chapter we highlight the use of confocal imaging as a useful tool to obtain 

information on various stages of film formation. It offers insight into the real time events 

and allows an immediate visual analysis without the time-consuming phase of data 

processing. We aimed to develop a methodology for studying film formation using 

confocal microscopy and secondly application of this method to investigate the various 

stages of film formation. The first part will be the topic of discussion of the present 

chapter, which includes labeling of latex particles, 1D, 2D and 3D modes of imaging. A 

further application of the methodology will be discussed in the next chapter. 

The latex selected to perform experiments with confocal microscopy was styrene-co-ethyl 

hexylacrylate (S/EHA) Tg 69 °C prepared by emulsion polymerization. The preparation 

and characteristics of this latex have already described in detail in chapter 2. The ratio of 

solid content to water was 40 : 60 by weight and the size of the latex particles in aqueous 

emulsion was ca. 110 nm measured by dynamic light scattering. This latex material was 

used for all the experiments described in this chapter. Most of the studies reported on the 

latex film formation are performed with Tg < 20 °C.22, 23, 29-31 Film formation with low Tg 

latex material is faster and considerably easier than with a high Tg material. The reason to 
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use a high Tg latex in the experiments described in this chapter was to test the ability to 

monitor individual particles inside a drying film. If a latex is composed of low Tg particles, 

film formation might be too fast to record the changes that occur on the time scale of the 

measurement. 

5.2 Film Preparation 

For all experiments on the confocal microscope described in this chapter one method was 

used to cast S/EHA latex films. We cast films on glass cover slips of 20 ! 20 mm by gently 

dragging off extra latex by a metallic bar having channels on its surface. These channels 

control the thickness of the resulting film, i.e., bigger channels give thicker and narrow 

channels give thinner films. The laboratories of DSM NeoResins Waalwijk provided this 

film-casting metallic bar. The films prepared in these experiments were ca. 40 µm in the 

wet state and 15 µm in the dry state. Figure 2 shows how the film was cast using this 

metallic bar. 

 

Figure 2. The latex film was cast by placing a drop of latex emulsion on top of the substrate (glass cover slip) 

and gently dragging the metallic bar over it to get a smooth film.  

5.2.1 Labeling of Latex 

Perylene Red was selected as a fluorescent spy to be introduced into to the latex material. 

It is a very stable, non-ionic, non-polar, highly hydrophobic organic molecule and has a 

strong tendency to withstand the high laser power on the confocal microscope. This dye 

lases between 580 – 800 nm with a photostability much higher than that of Rhodamine 

dyes, which are well known for their photostability.32 Moreover the photostability of 

Perylene Red is found to be very high in solid matrices.33, 34 Chemical structure, absorption 

emission spectra of Perylene Red in dichloromethane, and S/EHA Tg 60 °C latex are 

displayed in Figure 3.  
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A) 

 

 

 

B) C) 

  

Figure 3. A) Chemical structure of Perylene Red fluorescent dye used to label the latex particles for confocal 

microscopy experiments. B) Absorption and emission spectra of Perylene Red in dichloromethane. C) 

Emission spectrum of Perylene Red in S/EHA Tg 60 °C latex. (!exc = 560 nm).  

Unlike co-polymerized latex, where a dye was built into the polymer chains during 

emulsion polymerization, as described in previous chapters, labeling with Perylene Red 

was carried out after the emulsion polymerization. It was not covalently linked to the co-

polymer; only mixing of dye into the latex material was carried out which resulted in the 

absorption of the dye in latex particles. For the preparation of Perylene Red labeled 

S/EHA latex, 10 ppm of Perylene Red was prepared with respect to the total number of 

moles of the monomers styrene and ethyl hexyl acrylate in the S/EHA latex. The dye was 

introduced into the latex with the aid of DPnB as a co-solvent. 

Because of the strongly hydrophobic nature of Perylene Red molecule there is no chance of 

its entrance into the aqueous phase of the latex so we assume that all the added dye got 

physically attached to the latex particle and none was left in the aqueous phase. Based on 

this assumption an average of 39 molecules of Perylene Red are present in each latex 

particle. When dye labeled latex is diluted with the non-labeled latex, this does not alter 

the number of dye molecules per particle, rather it reduces the concentration of labeled 

particles or increases the number of non-labeled particles around labeled one. These 

calculations are described in detail in Experimental section 5.8.2.  

This physically mixed dye labeled latex may give a good start to test the methodology of 
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confocal imaging for “seeing” latex particles. The idea was that if this worked well the next 

step would be the labeling of latex particles with a covalently linked fluorescent dye 

(discussed in Chapter 6). The excitation of Perylene Red was carried out at 560 nm and 

emission was collected from 580 – 800 nm. 

For confocal imaging experiments 10 ppm Perylene Red (moles of dye/moles of 

monomers) labeled S/HA latex was diluted several thousand times to achieve a contrast. 

To see individual latex particles dye labeled S/EHA latex was mixed with non-labeled 

S/EHA in the ratio of 1 : 104 and in some cases 1 : 105. Details of making dilutions for the 

confocal imaging experiments are described in section 5.4.  

Before imaging of the latex film we monitored reduction in the film thickness during film 

formation on the confocal microscope. The next section includes the description of this 

experiment. It is followed by those performed with confocal imaging. 

5.3 Thickness of Latex Film 

Using the confocal microscope we measured the thickness of the latex film as a function of 

time in a 1D mode i.e., moving the focal plane of the objective from air to glass interface 

and vice versa in a z-scan mode. Latex used in this experiment was S/EHA labeled with 10 

ppm Perylene Red (not diluted). The fresh latex film was allowed to dry and thickness was 

measured at various time intervals. Measurements were started on the freshly cast film 

and finished when it was 2 h old. Data obtained was in the form of points of intensity at 

given z-positions. The width of the peak was measured at half height. Figure 4 shows a 

representative example of the peak obtained after one measurement: it demonstrates the 

thickness of the film and shows air-latex and latex-glass interfaces. 

 

Figure 4. Scanning of S/EHA latex film in z-direction on the confocal microscope. Air-latex and latex-glass 

interfaces are present on the left and right side of the peak, respectively. The width of the peak gives the film 

thickness. Latex was labeled with 10 ppm Perylene Red fluorescent dye. (!exc = 560 nm, !det = 580 – 800 nm) 

glass air 

15 µm 
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Figure 5 presents the intensity profiles of a freshly cast S/EHA latex film labeled with 10 

ppm Perylene Red monitored in a climate control chamber at relative humidity (RH) of 60 

– 80 % for 2 h. Reduction in the film thickness was observed as a function of time. The 

first peak was much broader than the subsequent peaks due to the presence of a large 

amount of water in the fresh film. As water evaporated the film thickness rapidly 

decreased. 

A) B) 

  

Figure 5. Scanning of wet 10 ppm Perylene Red labeled S/EHA latex film in z-direction for 2 h on the confocal 

microscope, A) real intensity of the drying film, downward arrow shows decrease in emission intensity B) 

normalized intensity of graph A. (!exc = 560 nm, !det = 580 – 800 nm). First peak was made up of 20 points 

and subsequent peaks were composed of 16 points, z-step was 3 µm. The measurement time for one scan was 

ca. 2 min. 

Figure 6 presents the plot of thickness at various time intervals showing that freshly cast 

film thickness was 27 µm, which started to decrease, and reached to 14 µm after 1 h. Then 

it remained the same for the next hour. The freshly cast film was ca. 40 µm, transportation 

of the film to the stage of microscope and starting the measurement took almost 2 min. 

During this time initial water was lost from the film, therefore the first scan exhibited only 

27 µm thickness.    

 

Figure 6. Thickness of 10 ppm Perylene Red labeled S/EHA film at various time intervals plotted against time.  



Chapter 5  

 114 

This result is comparable to the weight loss of S/EHA and MMA/EA latex films measured 

on a digital balance at room temperature. Films were freshly cast and weight loss 

measurement was started within 15 – 20 s. Results are shown in Figure 7.  

A) B) 

 
 

C) D) 

  

Figure 7.  Gravimetric analysis of fresh latex films at room temperature. Weight loss of latex films measured 

for 1 h on glass cover slip of 20 ! 20 mm; A) S/EHA Tg 20 °C latex formulated with 9 % DPnB, B) MMA/EA Tg 

60 °C latex formulated with 9 % DPnB. Weight loss of latex films measured for 2 h on glass cover slip of 60 ! 

40 mm; C) S/EHA Tg 20 °C latex formulated with 9 % DPnB, D) S/EHA Tg 60 °C latex formulated with 9 % 

DPnB.  

In these measurements films were cast on glass cover slip substrates of different 

dimensions: one was 20 ! 20 mm, same as used for the confocal microscopy experiments 

and other was 60 ! 40 mm. The former was cast by film casting bar that gave 40 µm in wet 

and latter with 150 µm in wet state. Tgs of both latices, nature of co-polymer, thickness of 

the film and surface area of drying were different but the evaporation of water in all cases 

follows the same trend, i.e., the water evaporation rate is very high in the first ca. 10 

minutes when film is ca. 40 µm thick and in case of 150 µm thicker films water 

evaporation was active for 40 min. At later times it still occurs but at a very slow rate. The 

solid content left on the substrate after 60 min of drying was in the range of 44 – 45 % for 

the four films (Figure 7). This shows that a one hour old dry latex film contains only 7 – 9 
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% water irrespective of the nature of the co-polymer, Tg of the latex material and thickness 

of the latex film.  

A strange feature in this 1D scanning experiment was the gradual decrease in the 

fluorescence intensity with the passage of time. One possible explanation for the decrease 

in fluorescence could be photobleaching. In photobleaching transformation of a 

fluorescent molecule occurs into a non-fluorescent one. Photobleaching does not affect the 

fluorescence lifetime of the fluorescent probe, because the photobleached molecules do 

not contribute to the signal. An alternative possibility is that quenching occurs by 

components that reside in the aqueous phase of the latex, but enter the polymer phase 

upon drying. In this case a reduction of the fluorescence decay time may be expected, and 

probably a heterogeneous, nonexponential decay. To investigate this, the decay profile of 

Perylene Red was measured at different timings during the film drying and it was found to 

be monoexponential. Lifetime was measured on each point in a peak that gives thickness 

of the film (Figure 5A). An average lifetime of 5.9 ± 0.1 ns was observed when lifetime 

fitting of sixteen points was performed in a fresh film (Figure 8A). In a 2 h old dry film the 

average lifetime decreased to a value of 5.1 ± 0.1 ns (Figure 8B).  

A) 

 

B) 

 

Figure 8. Decay profile of Perylene Red measured in 1D experiment was monoexponential in fresh and 2 h old 

dry film: A) after 1.6 s, lifetime ! = 5.9 ns, B) after 2 h, lifetime ! = 5.2 ns. 
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The decrease in the lifetime of Perylene Red molecule from a fresh to 2 h old dry film was 

0.8 ns. The exposure time was 100 s to complete one measurement and film thickness was 

measured for 44 times during 2 h time period. 

The decrease of the fluorescence intensity during film drying cannot be solely related to 

quenching of the Perylene Red molecules because we only see a small reduction in the 

lifetime of Perylene Red while we observe a drastic decrease in the emission intensity. On 

the other hand, photobleaching can also not be the main cause, because when a new spot 

of the film was measured, the intensity was the same. 

Discussion: These results show that film drying measured on the confocal microscope 

using the z-scan (1D) provided precise thickness of the film from which water evaporation 

can be determined. Major water evaporation occurred already before the film could be 

placed on the stage of the microscope for the measurement. The freshly cast film was ca. 

40 !m but at the first measurement it was only 27 !m. This shows that much of the water 

evaporated within the first two minutes after film casting. After 10 min most of the water 

was gone. This result agrees with the gravimetric analysis of films on 20 ! 20 mm glass 

cover slip (same substrate as used for the 1D confocal experiment), measured on the 

digital balance (Figure 7A and 7B), which shows that the first stage of film formation, the 

water evaporation stage, is almost finished in the first 10 – 15 minutes after casting the 

film. It is known that at early stage of drying the water evaporation is independent of the 

presence of polymer, i.e., it occurs at approximately the same rate as in pure water or 

dilute surfactant solution.35 The rate of evaporation depends upon the vapor pressure, the 

rate of airflow and ratios of surface area to the volume of film. There was further reduction 

in the film thickness after the initial phase but it was slow; this shows that evaporation of 

water is continuously but slowly occurring from the film after first stage. In another 

experiment latex films measured at room temperature (21 °C) without climate control 

chamber on the confocal microscope showed similar results, i.e., film thickness reduction 

was of the same order of magnitude showing that the relative humidity of 60 – 80 % 

created in the climate control chamber has no significant effect on the rate of film drying. 

These results show that it will be very difficult to obtain meaningful 3D data during film 

drying because it is very fast. A decrease in the fluorescence of Perylene Red with the 

passage of time was observed and the reason for this decrease is unknown at this moment. 

In the next section, we will discuss confocal imaging experiments on the S/EHA latex 

films performed in 2D and 3D modes and application of 2D to investigate the influence of 

co-solvent on the migration of dye in formulated latex film. 
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5.4 Confocal Imaging of Latex Film in a Stack of X-Y Planes (3D) 

Imaging of films in 3D mode involves recording images in the x-y plane at different z-

positions. This experiment can provide valuable information in real time at various depths 

in the film.  

Freshly formed S/EHA Tg 60 °C latex film was allowed to dry at room temperature and 

images of the film were recorded from the surface to various depths in the film. For these 

imaging experiments 10 ppm Perylene Red labeled S/EHA latex was diluted several 

thousand times to see the individual latex particles in the scanned volume. The 10 ppm 

labeled latex contained 10-5 M Perylene Red concentration with respect to the total moles 

of both monomers. This 10 ppm dye labeled S/EHA latex was used in all experiments 

stated in this Chapter. The only difference in the sample for 1D, 2D and 3D was that for 1D 

experiment (section 5.3) 10 ppm perylene red labeled S/EHA latex was directly used to 

measure the film thickness whereas for the 2D and 3D experiments it was diluted to 

several thousand times with the non-labeled S/EHA latex to decrease the concentration of 

the dye labeled particles in the confocal volume. 

Dilution: In S/EHA latex the ratio of water to solid content is 60 : 40 %, i.e, of 1 kg of 

latex 400 g constitute the co-polymer and 600 g is water. Calculations revealed that 5.7 ! 

1017 number of latex particles were present in a 1 kg latex batch. Furthermore an average 

of 39 dye molecules were present per latex particle. When a film with such a latex is cast, 

particles become closely packed after water evaporation. If every single particle contains 

such a number of dye molecules, which fluoresce intensely, it is not possible to see the 

individual latex particle because of the diffraction limit. To see the individual fluorescent 

latex particles we needed to have labeled particles against a dark background that was 

created by adding non-labeled latex to the labeled one. So 10 ppm Perylene Red labeled 

S/EHA latex was diluted with the non-labeled S/EHA latex in the ratio of 1 : 104 or 1 : 105. 

In these ratios the concentration of dye labeled particles was reduced although the 

number of dye molecules/per particle was not changed. (see section 5.8.2 for the 

calculations). 

Figure 9A illustrates the schematic presentation of this experiment and Figure 9B displays 

the z-stack of real x-y images of latex film recorded at different z-steps in 3D mode. 

Freshly cast latex film was placed on the stage of the confocal microscope and two 

interfaces, air-latex and latex-glass, were quickly searched which showed that the film was 

ca. 25 µm thick. For imaging, a 30 µm range in z-direction was selected so that 

information at surface and bottom of the film could be carefully collected. Imaging was 
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carried out on two different areas in the film starting from air-latex interface towards the 

latex-glass interface. Z-stacks of images were collected at a step of 2 µm or 5 µm in two 

different attempts. 

A) B) 

  

Figure 9. Confocal imaging in x-y planes at different z-step (3D); A) schematic illustration of 3D method, B) Z-

stack of real confocal images of S/EHA Tg 60 °C latex labeled with 10 ppm Perylene Red fluorescent dye. 

Labeled latex was diluted 104 times with non-labeled one to get these images. 

Image 1 Image 2 Image 3 

   

Image 4 Image 5 Image 6 

   

Figure 10. Z-stack of confocal images of freshly cast film of S/EHA Tg 60 °C latex labeled with 10 ppm Perylene 

Red fluorescent dye. Dilution was 104 times. Subsequent images are in 5 µm step going down into the sample. 

The size of each image is 10 ! 10 µm2. The focal plane is out of the film in Image 1 (above the surface). 
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Figure 10 presents the z-stack of six images taken at the z-step of 5 µm. Size of each image 

in Figure 10 was 10 ! 10 µm2. All images obtained were different from each other with 

respect to the particle distribution. The first image shows no particles because the focal 

plane was out of the film (in air). Image 2 was close to the surface and image 6 shows the 

layer of the film close to the glass cover slip. 

Image 1 Image 2 Image 3 Image 4 

    

Image 5 Image 6 Image 7 Image 8 

    

Image 9 Image 10 Image 11 Image 12 

    
 Image 13 Image 14  

 

  

 

Figure 11. Z-stack of confocal images of freshly cast film (ca. 25 µm) of S/EHA Tg 60 °C latex labeled with 10 

ppm Perylene Red fluorescent dye. Dilution was 104 times. Z-step is 2 µm in subsequent images. The size of 

each image is 10 ! 10 µm2. Image 1: focal plane in air above film. Image 14: focal plane in glass below film. 

Imaging of the same film was carried out on another area in the film with z-steps of 2 µm. 

Figure 11 displays fourteen images each at a step of 2 µm. First and last images showed no 



Chapter 5  

 120 

latex particles because the focal plane was in air and glass, respectively. Distribution and 

arrangement of particles in each image was different.  

Confocal imaging in 3D mode showed individual latex particles in the area under 

investigation. In stacks of 3D images it was observed that particles have approximately the 

same density and distribution in the different z-positions i.e., there were no sharp 

differences near the air-latex interface, in the middle of the film and near the latex-glass 

interface. So in further experiments x-y (2D) images were recorded without changing the 

z-position. During film drying the air-latex interface moves downwards due to the water 

evaporation. So, the focal plane was placed in the middle of the film for measuring 2D 

images. 

The fluorescence decay time profile of Perylene Red was measured at various depths in the 

film and found to be ca. 5.9 ± 0.1 ns. There was no remarkable difference in the lifetime at 

different z-positions in the film. 

5.5 Confocal Imaging of Latex Films in X – Y Plane (2D) 

A freshly cast latex film was allowed to dry at room temperature and changes of the dye 

distribution were monitored by capturing snapshots at various times by using the confocal 

imaging technique. The dilution used in this experiment was 105. 

Film was cast by the bar that produces 40 µm thick film in the wet state. Imaging of the 

freshly cast latex film on the glass cover slip was obtained at various time intervals. Since 

this experiment was carried out at ambient temperature the film was directly placed on 

the stage of the microscope without using the climate control chamber. An area of 80 ! 80 

µm2 was measured in the image of 150 ! 150 pixels. Zooming in the image up to 10 ! 10 

µm2 provided clearly resolved latex particles against a dark background. 

We recorded images of 11.3 ! 11.3 µm2 at different times on the same day. Images obtained 

in this experiment are presented in Figure 12, which clearly show bright dye labeled latex 

particles against a dark background of non-labeled latex. In the images of the freshly cast 

film and 30 min later, spherically shaped latex particles having well defined boundaries 

were visible. These particles retained their shape and size during the whole day. When the 

same film was imaged three days later, however, the dye labeled latex particles appeared 

to spread out in the image. Particles, which formerly appeared as bright spots, were now 

larger in size and blurry with less defined boundaries (Figure 12, image 7, 8). After ten 

days the same film displayed a very different situation: there were no recognizable 
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particles in the images and the dye has spread out over the entire area of the image (Figure 

12, image 9). 

Image 1 Image 2 Image 3 

   

Image 4 Image 5 Image 6 

   

Image 7 Image 8 Image 9 

   

Figure 12. Confocal images of freshly cast film of S/EHA Tg 60 °C latex labeled with 10 ppm Perylene Red 

fluorescent dye. Labeled latex was diluted 105 times with non-labeled one. Images 1) freshly cast film, 2) 30 

min, 3) 1 h, 4) 3 h, 5) 4.5 h, 6) 6 h, 7 and 8) 3 days later, 9) 10 days later. Size of images: Image 1 - 6 = 11.3 ! 

11.3 µm2, Image 7 = 10.1 ! 10.1 µm2, Image 8 = 10.4 ! 10.4 µm2 and Image 9 = 10.6 ! 10.6 µm2 (Perylene Red: 

"exc = 560 nm, "det = 580 – 800 nm). 

Particle size calculations were carried out on confocal images using the computer program 

Igor. Cross-sections of images were taken which showed Gaussian peaks corresponding to 

fluorescent latex particles present in that cross-section. The height of the Gaussian peak 

depicted the intensity and the width of the peak showed the size of the particle. As an 

example Figure 13A shows an image that contains one bright latex particle.  Figure 13B 

presents the 3D plot of this image. The cross section of the peak provided its diameter 
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(Figure 13C). Following this method, many cross-sections in one image were taken to 

calculate the size of particles present in that image. 

 A) B) C) 

  

 

Figure 13. Particle size calculation was carried out by Gaussian fitting on the peaks, which presents the 

fluorescent particle in the image. (Perylene Red: !exc = 560 nm, !det = 580 – 800 nm) 

 A) B) C) 

   

D) E) 

 

 

Figure 14. Particle sizes in film of S/EHA Tg 60 °C latex labeled with 10 ppm Perylene Red fluorescent dye. 

Labeled latex was diluted 105 times with non-labeled one. Images A) freshly cast film (1 min) B) 15 min, C) 6 h, 

D) 3 days later, E). Plot of average particle size versus time. Size of images: Image A - C = 11.3 " 11.3 µm2, 

Image D = 10.4 " 10.4 µm2. (Perylene Red: !exc = 560 nm, !det = 580 – 800 nm). 

Figure 14 presents the confocal images selected from Figure 12, and particle sizes were 

calculated by applying the method described above. Particles encircled in the images in 
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Figure 13 are those whose size was calculated. Apparent average particle sizes in fresh 

film, after 30 min, after 6 h, and in the 3 days old film were 0.19 ± 0.04, 0.20 ± 0.04, 0.21 

± 0.03 and 0.6 ± 0.1 µm, respectively (± is standard deviation of the 12 measurements). It 

is worth mentioning that twelve particles selected in one image have no correlation with 

the particles in another image i.e., they were randomly selected. 

5.5.1 Effect of Co-solvent Concentration on Dye Migration 

Co-solvents play a significant role in latex film formation. They act as plasticizer, reduce Tg 

of the polymer and help in the film formation. We intended to study film formation as a 

function of co-solvent and time to directly observe the changes that occur during the film 

formation process. This experiment may reveal how a solid dye labeled particle retains its 

integrity in the presence of a co-solvent. 

S/EHA Tg 60 °C labeled latex was formulated with 2, 4, 6 and 8 % DPnB co-solvent and 

migration of the dye label was observed during first 2 h and when the film was one day 

old. The Perylene Red labeled latex was mixed in a ratio of 1 : 104. Unlike previously 

discussed experiments, here non-labeled latex was first formulated with the co-solvent 

DPnB and used to dilute the 10 ppm Perylene Red labeled S/EHA latex to achieve the 

desired dilution. In this way the co-solvent DPnB was homogeneously dispersed in the 

latex emulsion and films cast by these formulations contained DPnB. Four formulations 

i.e. 2, 4, 6 and 8 % w/w DPnB of 104 times diluted S/EHA latex were prepared. Figure 15 A 

– D presents confocal images of the corresponding four films. These images were recorded 

15 minutes after film casting.  

 A) B) C) D) 

    

Figure 15. Confocal images of four latex films of S/EHA Tg 60 °C labeled with 10 ppm Perylene Red fluorescent 

dye formulated with DPnB co-solvent A) 2%, B) 4%, C) 6%, D) 8%. Labeled latex was diluted 104 times with 

non-labeled one. Size of images A - C is 20 ! 20 µm2 and image D is 80 ! 80 µm2. (Perylene Red: "exc = 560 

nm, "det = 580 – 800 nm). 

The size of the latex particles in the 2 % w/w DPnB film was similar to those of the non-

formulated latex. In 4 % and 6 % DPnB films an increase in the particle size was observed 

and in 8 % w/w DPnB film no particles appeared on the confocal image.   
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Figure 16. Particle size calculation of confocal image of 2 % DPnB formulation of S/EHA Tg 60 °C latex film. 

Labeled latex was diluted 104 times with non-labeled one. Size of image is 20 ! 20 µm2.  

A) B) 

  

C) D) 

  

Figure 17. Particle size calculation of confocal images of latex films of 4 % and 6 % w/w DPnB formulations of 

S/EHA Tg 60 °C latex. A) 4 % w/w DPnB fresh film, B) 4 % w/w DPnB one day old film, C) 6 % w/w DPnB 

fresh film, D) 6 % w/w DPnB one day old film. Labeled latex was diluted 104 times with non-labeled one. Size 

of images of fresh and a day old films are 20 ! 20 and 10 ! 10 µm2, respectively.  

Results of the particle size measurement of various % formulations in fresh and one day 

old films are shown in Figure 17. 
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Figure 18. Average particle sizes in latex films of 2, 4 and 6 % w/w DPnB formulations of S/EHA Tg 60 °C 

latex. 10 ppm Perylene Red labeled latex was first diluted to 104 times and films were cast. 

The average sizes of the latex particles in the freshly cast and one day old film of 2, 4 and 6 

% w/w formulations are presented in the plot in Figure 18. In freshly cast and a day old 

film particle size calculation provided quantitative information about the particle 

diameter. Twenty particles in each image were selected and the particle sizes were 

calculated by taking cross sections and fitting Gaussians on the respective peaks. The 

graph in Figure 18 clearly reveals the increase in the apparent size of the latex particles 

when the film is one day old. 

5.6 Discussion 

Our aim of using confocal microscopy was to develop a methodology for measuring 

confocal images of latices in 2D and 3D fashions. This can help in the investigation of 

various stages of film formation and understanding of the microstructure arising in the 

film. Concomitantly it potentially offers examination of real time dynamics and provides 

images of surface as well as bulk of the film to make the sound judgment of the 

morphology of the film.  

In this chapter we highlighted the use of confocal imaging by studying the film formation 

of S/EHA Tg 60 °C latex labeled with 10 ppm Perylene Red fluorescent dye. Perylene Red 

provided clear contrast of dye labeled latex particles against the dark background of non-

labeled latex. Photostability of the dye proved good enough to withstand the high laser 

power for quite considerable amount of time. We observed freestanding bright spots in the 

image, which presented individual latex particles. Monitoring changes in the size and 

shape of particles over time shows that it will be possible to see the different steps of film 

formation. 
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3D imaging provided information at various depths in the film. Thin slices of film up to 2 

µm can be made to see in the depth of the film. Distributions of particles at various depths 

were clearly observed in x-y images. We applied this method to detect the changes that 

occur during film formation at various depths, which will be discussed in the next chapter. 

In x-y (2D) images the fluorescent dye labeled latex particles were seen against a dark 

background. Films of 105 times dilution of dye labeled latex showed individual latex 

particles with spherical shape and clear boundaries. In imaging of fresh latex film we 

observed that images of the scanned area changed due to high water content i.e., high 

mobility of fresh film. For the first the 10 – 15 minutes water evaporation was quite active 

and after that it slowed down. Images recorded after half an hour were similar to each 

other because latex particles became stagnant on the time scale of measurement showing 

that most of the water had evaporated from the film and viscosity became high enough to 

suppress the mobility of latex particles. It was observed that dye labeled latex particles 

retain their size and shape for more than a day i.e. particles seen in fresh film were the 

same as in a one day old film. However, a change in the particle shape and size was 

observed after three days. The films were cast at temperatures well below the minimum 

film formation temperature, so interdiffusion of the latex particles is unlikely to be the 

reason for the apparent size increase. Thus, the blurring of the particle images must be 

due to the dye diffusing out of the originally labeled particles. In the latex, a polar barrier 

exists between particles, formed by the acrylic acid groups and the surfactant.36 

Apparently, this does not prevent the migration of the hydrophobic dye after water 

evaporation. This may indicate that this barrier has disappeared at this stage of film 

formation. 

Experiments with different amounts of DPnB allowed seeing the changes in fluorescent 

particles. An increase in particle size was observed as the amount of co-solvent was 

increased in the latex. The size of fluorescent particles in fresh films of 4 and 6 % w/w 

DPnB was clearly larger than that of 2 % w/w DPnB formulation, which was more like a 

non-formulated latex film. Measurement of one day old films of 4 and 6 % w/w DPnB 

formulations showed a pronounced increase in the particle sizes.  

Based on these experiments we can confidently say that the bright fluorescent particles 

seen in the fresh or a few hours old samples present latex particles. However, when the 

film is days old the increase in the size of fluorescent particles cannot be related to the 

increase of the latex particle. Rather it is determined by dye diffusion. 

One of the surprising observations was the decrease in the fluorescence intensity in the 1D 

scanning experiment, that cannot be exclusively due to the photobleaching of Perylene 
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Red because we have observed in confocal imaging that photostability of this dye was 

excellent. The reason of decrease in emission of drying film is yet not known. 

High dilution allowed to view the individual particles, films cast by the latex diluted to 104 

and 105 times showed freestanding fluorescent latex particles, which were quite clearly 

visible against the dark background. 

One excellent feature of the Perylene Red label was its photostability. It showed a quite 

bright fluorescence in the films, which were even days old. Irradiation of the fresh film 

was carried out for ca. 3 – 4 minutes to record one image on the confocal microscope and 

many images were recorded for one film in the same day and many days later. Despite the 

long irradiation period Perylene Red label showed strong emission. 

5.7 Conclusion 

Using confocal fluorescence microscopy we have developed a methodology for the 

investigation of the morphology of films of S/EHA Tg 60 °C latex. Film thickness was 

successfully monitored as a function of time simply by repeated z-scanning. It was found 

that the rate of water evaporation was high in the first ten minutes, and 90 – 95 % of water 

was gone after an hour of film drying. The fluorescence emission intensity of Perylene Red 

during this film drying experiment decreased substantially. At present, it is not clear what 

the roles are of photobleaching and quenching by water-soluble quenchers (anti-oxidant, 

remaining initiators or monomers, antibacterial agent). 

Fluorescently labeled latex particles were seen as bright spots in the images. Changes in 

the size and shape of particles were observed during film aging. Particle sizes were 

measured and quantitative data were obtained about the increase of particle size. 2D and 

3D imaging provided images at various depths in the film. The influence of co-solvent 

DPnB on the migration of dye was monitored. It was observed that higher concentration 

of co-solvent results in faster increase in the apparent particle size. The increase in 

apparent size must be due to migration of the fluorescent label across the polar interfaces 

between the latex particles.  

There was a common feature observed in 2D and 3D imaging i.e., increase in the size of 

fluorescent particles in the confocal images. On one hand these findings have supported 

the working principle and we were able to see the individual latex particles, difference in 

the size and shape of particle in fresh and aged films, influence of co-solvent on dye 

labeled particles, with full confidence. However, on the other hand, these results have left 

many question marks. We are unable to explain the reasons for the apparent occurrences 
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such as: is it possible to correlate the increase in the size of the fluorescent spot with the 

actual latex particle size? Does spreading of fluorescent label in the image of an aged film 

mean that polymer chains are un-winding and undergo diffusion at the interface? These 

questions will remain unanswered unless a covalently linked fluorescent dye labeled latex 

particle would come into the scenario. Such an approach is described in Chapter 6.  

5.8 Experimental Details 

5.8.1 Confocal Set Up 

Confocal imaging was performed on a MicroTime 200 apparatus from PicoQuant GmbH. 

A Titanium : Sapphire laser (Chameleon ULTRA-II, Coherent) tuned to 835 nm was used 

to pump an optical parametric oscillator (Mira OPO) which delivered 380 mW at a 

wavelength of 560 nm.  

The excitation light was coupled into the adapted confocal unit via a polarization 

maintaining monomode fiber (PMC-620-4-NA011-3-XPC-P, Schäfter + Kirchoff). The 

excitation light passed through three filters: an excitation filter, a dichroic and an emission 

filter. An excitation filter (560/4x, Chroma Tech.) was the first one placed after the 

excitation beam. It cut light above and below the excitation wavelength !exc = 560 nm. A 

dichroic mirror (595 DCLP, Chroma Tech.) reflected excitation light to the sample and 

collected back the emission light from it. The emission light coming through the dichroic 

mirror passed through a pinhole of 50 µm and then via an emission filter to the detector. 

The emission filter (D645/110, Chroma Tech.) allowed only the light from 595 – 700 nm 

and reduced the chance of excitation light reaching the detector. In between the dichroic 

mirror and emission filter there were four mirrors, which guided light to the detector 

and/or spectrograph. The repetition rate was 80 MHz. The detector was a single photon 

avalanche diode (SPAD) with high detection efficiency of over 70 % at 630 nm and a time 

resolution of ca. 500 ps.  

Figure 19 presents the set up of confocal microscopy and Figure 20 shows the set of filters 

used for the excitation and emission of the Perylene Red fluorescent dye. 

Humidity controlled experiment was carried out in a climate control chamber (TOKAI 

HIT Co., Ltd. incubation system Model number INU-NI-F1 Nikon, Japan) provided with 

four heaters at top, stage, bath and lens. 

The digital weighing balance used to measure gravimetric analysis of films was a Mettler 

AE260 DeltaRange. 
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Figure 19. Schematic presentation of confocal microscopy set up. 

A) B) 

  

C) 

 

Figure 20. Filters used for the confocal microscopy experiments of Perylene Red fluorescent dye: A) excitation 

filter (560/4x, Chroma Tech.), B) dichroic mirror (595DCLP, Chroma Tech.) and C) emission filter (D645/110, 

Chroma Tech.). 
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Figure 20. Filters used for the confocal microscopy experiments of Perylene Red fluorescent dye: A) excitation 

filter (560/4x, Chroma Tech.), B) dichroic mirror (595DCLP, Chroma Tech.) and C) emission filter (D645/110, 

Chroma Tech.). !exc and !em of Perylene Red were 560 and 580 – 800 nm, respectively 

Humidity controlled experiment was carried out in a climate control chamber (TOKAI 

HIT Co., Ltd. incubation system Model number INU-NI-F1 Nikon, Japan) provided with 

four heaters at top, stage, bath and lens. 

The digital weighing balance used to measure gravimetric analysis of films was of 

DeltaRange series with model number Mettler AE260.  

5.8.2 Labeling and Dilution of 10 ppm Perylene Red Labeled S/EHA Tg 

60 °C Latex 

For the preparation of 10 ppm Perylene Red labeled latex the amount of Perylene Red was 

calculated on the basis of total moles of the monomers, styrene and ethyl hexyl acrylate, in 

the S/EHA Tg 60 °C latex. In a 1.5 kg latex batch 5.11 moles of both monomers are present. 

Based on the moles of monomers, the weight of Perylene Red for 10 ppm of 1.5 kg S/EHA 

latex batch was 55 mg (10-5 ! 1079.24 ! 5.11 = 0.055 g). We prepared 100 g of 10 ppm 

S/EHA labeled latex by carefully adding a solution of 4 mg of Perylene Red dye in 9 ml of 

DPnB with stirring it to the neutralized latex.  
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60 °C Latex 

For the preparation of 10 ppm Perylene Red labeled latex the amount of Perylene Red was 

calculated on the basis of total moles of the monomers, styrene and ethyl hexyl acrylate, in 

the S/EHA Tg 60 °C latex. In a 1.5 kg latex batch 5.11 moles of both monomers are present. 

Based on the moles of monomers, the weight of Perylene Red for 10 ppm of 1.5 kg S/EHA 

latex batch was 55 mg (10-5 ! 1079.24 ! 5.11 = 0.055 g). We prepared 100 g of 10 ppm 

S/EHA labeled latex by carefully adding a solution of 4 mg of Perylene Red dye in 9 ml of 

DPnB with stirring it to the neutralized latex.  
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5.8.2 Labeling and Dilution of Perylene Red Labeled S/EHA Latex 

For the preparation of 10 ppm Perylene Red labeled latex the amount of Perylene Red was 

calculated on the basis of total moles of the monomers, styrene and ethyl hexyl acrylate, in 

the S/EHA Tg 60 °C latex. In a 1.5 kg latex batch 5.11 moles of monomers are present. 

Based on the moles of monomers, the weight of Perylene Red for 10 ppm of 1 kg S/EHA 

latex batch was 37 mg (10-5 ! 1079.24 g mol-1 ! 3.4 mol= 0.037 g). We prepared 100 g of 10 

ppm S/EHA labeled latex by carefully adding a solution of 3.7 mg of Perylene Red dye in 9 

g of DPnB with stirring to the preneutralized latex. For dilution 10 ppm dye labeled latex 

was diluted to 104 (or 105) times with the non labeled latex. This was done stepwise: first 

0.05 ml (50 µL) labeled latex was added t0 5 ml of non labeled latex to achieve 100 times 

dilution; 0.05 ml of this dilution was added to another 5 ml of non labeled latex which 

provided 104 times dilution and so on. 

Calculation of the number of dye molecules per latex particle: the volume of a single latex 

particle is 6.9 ! 10-4 µm3, calculated by 

! 

Vp = 4 /3."R3 with the radius of particle of 55 nm. 

Multiplying the density of 1.1 g/cm3 with the volume provides the weight of a single latex 

particle, 7.7 ! 10-16 g. The non formulated latex batch consisted of 40 % solid content and 

60 % water meaning that 400 g was solid content in 1 kg latex. In 9 % w/w DPnB 

formulation the solid and water contents were 36.4 and 54.6, respectively. The number of 

latex particles in 40 % solid content is 5.2 ! 1017, equivalent to 8.7 ! 10-7 mole particles. 

Dividing dye moles/L i.e., 3.4 10-5 moles/L with the moles of particles (8.7 ! 10-7 mole) 

gives a value of 39 for the average number of dye molecules per latex particle. 

5.9 Acknowledgements 

Technical help for fixing the set-up of confocal microscopy experiments from John van 

Ramesdonk, Arnaud Spangenberg and Joanna Siekierzycka is highly appreciated. Arnaud 

Spangenberg is greatly thanked for developing 3D mode of imaging and useful 

discussions. 

5.10 References  

1. Wang, Y. C. and Winnik, M. A., Polymer Diffusion Across Interfaces in Latex Films. J. Phys. 

Chem. 1993, 97, 2507-2515. 

2. Verhey, H. J., Bekker, C. H. W., Verhoeven, J. W., van der Ven, L. G. J. and Hofstraat, J. W., 

Crosslinking and Drying of a Two-Component Waterborne Coating Monitored by a 

Functionalized Charge-Transfer Fluorescence Probe. Polymer 1997, 38, 4491-4497. 

3. Winnik, M. A., Interdiffusion and Crosslinking in Thermoset Latex Films. J. Coating. Tech. 

2002, 74, 49-63. 



Confocal Imaging of Latex Films 

 131 

4. Turshatov, A., Adams, J. and Johannsmann, D., Interparticle Contact in Drying Polymer 

Dispersions Probed by Time Resolved Fluorescence. Macromolecules 2008, 41, 5365-5372. 

5. Ma, Y., Davis, H. T. and Scriven, L. E., Microstructure Development in Drying Latex 

Coatings. Prog. Org. Coat. 2005, 52, 46-62. 

6. Libera, M. R. and Egerton, R. F., Advances in the Transmission Electron Microscopy of 

Polymers. Polym. Rev. 2010, 50, 321-339. 

7. Magonov, S. N. and Reneker, D. H., Characterization of Polymer Surfaces With Atomic Force 

Microscopy. Annu. Rev. Mater. Sci. 1997, 27, 175-222. 

8. Ullman, R., Small Angle Neutron Scattering of Polymers. Annu. Rev. Mater. Sci. 1980, 10, 

261-285. 

9. Song, J. F., Cheng, Y. X., Chen, L. W., Zou, X. W. and Wang, Z. L., Synthesis and 

Characterization of Polybinaphthalene Incorporating Chiral (R) or (S)-1,1'-Binaphthalene and 

Oxadiazole Units by Heck Reaction. Eur. Polym. J. 2006, 42, 663-669. 

10. Yang, J., Lou, X. D., Spiro, J. G. and Winnik, M. A., Energy Transfer Study of the 

Cylindrical Interface Formed by Asymmetric Isoprene-Methyl Methacrylate Diblock 

Copolymers Bearing a Dye at the Junction. Macromolecules 2006, 39, 2405-2412. 

11. Butt, H. J. and Kuropka, R., Surface-Structure of Latex Films, Varnishes, and Paint Films 

Studied with an Atomic-Force Microscope. J. Coating. Tech. 1995, 67, 101-107. 

12. McConney, M. E., Singamaneni, S. and Tsukruk, V. V., Probing Soft Matter with the Atomic 

Force Microscopies: Imaging and Force Spectroscopy. Polym. Rev. 2010, 50, 235-286. 

13. Marton, B., van der Ven, L. G. J., Otto, C., Uzunbajakava, N., Hempenius, M. A. and 

Vancso, G. J., A Depth-Resolved Look at the Network Development in Alkyd Coatings by 

Confocal Raman Microspectroscopy. Polymer 2005, 46, 11330-11339. 

14. Diaspro, A., Confocal and Two-Photon Microscopy: Foundations, Applications and 

Advances. Wiley. New York, 2002. 

15. Hell, S. W., Far-Field Optical Nanoscopy. Science 2007, 316, 1153-1158. 

16. Lakowicz, J. R., Principles of Fluorescence Spectroscopy. 3rd ed., Springer Science, New 

York, USA. 2006. 

17. Pawley, J. B., Handbook of Biological Confocal Microscopy. 3rd ed., Springer Science, New 

York, USA. 2006, p 20-41. 

18. Wang, C. W. and Moffitt, M. G., Use of Block Copolymer-Stabilized Cadmium Sulfide 

Quantum Dots as Novel Tracers for Laser Scanning Confocal Fluorescence Imaging of Blend 

Morphology in Polystyrene/Poly(Methyl Methacrylate) Films. Langmuir 2005, 21, 2465-2473. 

19. Kumacheva, E., Li, L., Winnik, M. A., Shinozaki, D. M. and Cheng, P. C., Direct Imaging of 

Surface and Bulk Structures in Solvent Cast Polymer Blend Films. Langmuir 1997, 13, 2483-

2489. 

20. Lin, L., Sosnowski, S., Chaffey, C. E., Balke, S. T. and Winnik, M. A., Surface Morphology of 

a Polymer Blend Examined by Laser Confocal Fluorescence Microscopy. Langmuir 1994, 10, 

2495-2497. 

21. Li, L., Sosnowski, S., Kumacheva, E., Winnik, M. A., Rajaram, S., Balke, S. T. and Chaffey, 

C. E., Coalescence at the Surface of a Polymer Blend as Studied by Laser Confocal Fluorescence 



Chapter 5  

 132 

Microscopy. Langmuir 1996, 12, 2141-2144. 

22. Vorobyova, O. and Winnik, M. A., Morphology of Poly(2-Ethylhexyl Methacrylate): 

Poly(Butyl Methacrylate) Latex Blend Films. Macromolecules 2001, 34, 2298-2314. 

23. Vorobyova, O. and Winnik, M. A., Confocal Microscopy Studies of Shear-Induced 

Coalescence in Blends of Poly(Butyl Methacrylate) and Poly(2-Ethylhexyl Methacrylate). J. 

Polym. Sci. Part B. Polym. Phys. 2001, 39, 2317-2332. 

24. Harmon, M. E., Schrof, W. and Frank, C. W., Fast-Responsive Semi-Interpenetrating 

Hydrogel Networks Imaged with Confocal Fluorescence Microscopy. Polymer 2003, 44, 6927-

6936. 

25. Harmon, M. E. and Frank, C. V., Kinetics of the N-Isopropylacrylamide Gel-Volume Phase 

Transition in the Presence of Free Polymer Chains. Polymer Gels: Fundamentals and 

Applications. 2003, 833, 2-11. 

26. Hirotsu, S., Anomalous Kinetics of the Volume Phase Transition In Poly-N-

Isopropylacrylamide Gels. Jpn. J. Appl. Phys. 2 1998, 37, L284-L287. 

27. Deng, K. Q., Felorzabihi, N., Winnik, M. A., Jiang, Z. H., Yin, Z. H., Yaneff, P. V. and Ryntz, 

R. A., Investigation of Morphology and Miscibility of Isotactic Polypropylene, Ethylene-Butene 

Copolymer and Chlorinated Polyolefin Blends via LSCFM, SEM, WAXD, and DMA. Polym. 

Adv. Technol. 2009, 20, 235-245. 

28. Aloisi, G. G., Elisei, F., Nocchetti, M., Camino, G., Frache, A., Costantino, U. and Latterini, 

L., Clay Based Polymeric Composites: Preparation and Quality Characterization. Mater. Chem. 

Phys. 2010, 123, 372-377. 

29. Haley, J. C., Liu, Y. Q., Winnik, M. A. and Lau, W., The Onset of Polymer Diffusion in a 

Drying Acrylate Latex: How Water Initially Retards Coalescence But Ultimately Enhances 

Diffusion. J. Coat. Technol. Res. 2008, 5, 157-168. 

30. Schroeder, W. F., Liu, Y. Q., Tomba, J. P., Soleimani, M., Lau, W. and Winnik, M. A., 

Influence of Ethylene Glycol and Propylene Glycol on Polymer Diffusion in Poly(butyl acrylate-

co-methyl methacrylate) Latex Films. J. Phys. Chem. B 2010, 114, 3085-3094. 

31. Tomba, J. P., Portinha, D., Schroeder, W. F., Winnik, M. A. and Lau, W., Polymer Diffusion 

in High-M/low-M Hard-Soft Latex Blends. Colloid Polym. Sci. 2009, 287, 367-378. 

32. Garcia-Moreno, I., Costela, A., Pintado-Sierra, M., Martin, V. and Sastre, R., Enhanced 

Laser Action of Perylene Red Doped Polymeric Materials. Optics Express 2009, 17, 12777-

12784. 

33. Dubois, A., Canva, M., Brun, A., Chaput, F. and Boilot, J. P., Enhanced Photostability of 

Dye Molecules Trapped in Solid Xerogel Matrices. Synth. Met. 1996, 81, 305-308. 

34. Dubois, A., Canva, M., Brun, A., Chaput, F. and Boilot, J. P., Photostability of Dye 

Molecules Trapped in Solid Matrices. Appl. Opt. 1996, 35, 3193-3199. 

35. Vanderhoff, J. W., The Transport of Water through Latex Films. J. Polym. Sci. 1973, 155-

174. 

36. Vorwerg, L. and Gilbert, R. G., Electrosteric Stabilization with Poly(Acrylic) Acid in 

Emulsion Polymerization: Effect on Kinetics and Secondary Particle Formation. 

Macromolecules 2000, 33, 6693-6703. 


